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Both spreading rates and local magma supply to mid-ocean ridges affect crustal
construction styles and ridge morphology, alternately leading to either
asymmetrical (detachment faulting) or symmetrical faulting styles. Uranium-series
isotopic disequilibria in mid-ocean ridge basalts (MORB) may provide
insight into how melt supply variations relate to ridges’ accretion styles, a
processes that are not well understood. I use Reactive Porous Flow (RPF) equilibrium
and disequilibrium modeling to simulate U-series disequilibria at mid-ocean ridge (MOR)
generated by melt supply variations at both asymmetrical and symmetrical ridge
segments.
Guided by my modeling, I predict that enhanced melt contributions from enriched
pyroxenitic mantle produce elevated (230Th/ 238U) in young basalts due to the higher
garnet modes in pyroxenites throughout the melting regime. If symmetrical segments of
the Kane-Atlantis Supersegment overlie more pyroxenite-rich mantle zones, as postulated
here, I would expect measurably higher (230Th/ 238U) in basalts from those areas. Lack of
such a systematic signature along symmetrical segments would alternatively suggest that

crustal magma pooling patterns dominantly control melt supply variations along slowspreading ridges without an underlying mantle driving force. The (226Ra/ 230Th) and
(231Pa/ 235U) ratios of the RPF equilibrium and disequilibrium models generate results
that do not fully explain the global MORB data using a single melting lithology. The
model results suggest that mixing melts from multiple mantle sources may be necessary
to produce the full global data set. Comparing these preliminary results to traditional
dynamic melting models and radiogenic isotopes may provide additional insight into how
the mantle melting process truly affects both U-series isotopes and ridge symmetry.
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1. Introduction
Mid-ocean ridge (MOR) systems are found throughout the world in Earth’s
oceans and are responsible for constructing new ocean crust (Smith et al., 2006). As the
plates diverge at the ridge, passive upwelling decompresses mantle rocks, resulting in
partial melts, which rise due to buoyancy differences between the magma and mantle
rocks (Scott & Stevenson, 1989; Smith & Cann, 1993). The crust at mid-ocean ridges is
primarily composed of gabbros and mid-ocean ridge basalts (MORB) (Klein &
Langmuir, 1987; Olive & Escartín, 2016). Mid-ocean ridge basalts are formed when the
mantle decompresses and the magma rises and erupts on the seafloor (Buck et al., 2005;
Colman et al., 2012; Klein & Langmuir, 1987; Smith & Cann, 1993). Some fundamental
questions remain regarding oceanic crustal formation due to emplacement of the resulting
magma: how is gabbroic magma emplaced under the ridge, and how does that
emplacement affect axial faulting at slow-spreading mid-ocean ridges? What controls the
supply or volume of melt, contributing to crustal growth?
The oceanic crustal construction system at MORs has been studied for decades,
yet there is still disagreement regarding the details of magma transport and emplacement,
oceanic crustal construction, and ridge symmetry. In the last half-century, several studies
have published MOR observations and data and explored oceanic crustal construction
mechanisms and their causes (e.g., Bourdon et al., 1996; Dick et al., 2008; Elkins et al.,
2014, 2016, 2019; Hirschmann & Stolper, 1996; Hofmann, 1997, 2003; Klein &
Langmuir, 1987, 1989; Kogiso et al., 2004; Lee & Chin, 2014; McKenzie et al., 2004;
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Petermann & Hirschmann, 2003; Prytulak & Elliott, 2009; Rudge et al., 2013; Standish et
al., 2008; Wilson et al., 2013; White and Klein, 2013). Construction at mid-ocean ridges
happens through a combination of tectonic processes and magmatic emplacement
(Blackman et al., 1998, 2009; Colman et al., 2012; Scott & Stevenson, 1989; Smith &
Cann, 1993). Along with variations in the relative importance of tectonic extension and
magmatic emplacement, magma supply variations along a ridge axis may affect ridge
symmetry, leading to symmetrical and asymmetrical crustal accretion styles that affect
seafloor morphology (Escartín et al., 2008; Murton & Rona, 2015; Olive & Escartín,
2016; Scott & Stevenson, 1989; Smith et al., 2008, 2012; Lyu, 2019).
Many prior studies have considered crustal accretion and MORB genesis to be
dependent on variations in mantle temperature, melt transport differences, lithospheric
thickness, or mantle source heterogeneity. Some have suggested that mantle temperature
beneath the mid-ocean ridge is the main factor driving the extent of mantle melting and
resulting oceanic crustal thickness (e.g., Asimow et al., 2004; Guo et al., 2021; Klein &
Langmuir, 1987). Other studies suggest that lithospheric thickness may play a role in
detachment faulting and ridge symmetry by shortening the top of the melting column
(e.g., Escartín et al., 2008; Humphris et al., 2015; Naliboff et al., 2012; Peirce et al.,
2019). Still, other studies have considered mantle source heterogeneity to be the main
driving factor that determines ridge construction mechanisms and seafloor morphology
both locally and globally (Elkins et al., 2011, 2016a, 2019; Gale et al., 2013; Lissenberg
& Dick, 2008; Lyu, 2019; Murton & Rona, 2015; Niu et al., 2001; Waters et al., 2011).
Mantle heterogenies can be measured using major and trace elements and Uranium-series
isotopes (e.g. Gale et al., 2013; Elkins et al., 2016a, 2019; Lyu, 2019).
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Uranium-series isotopes are valuable geochemical tools for evaluating the role of
mantle source heterogeneities during melting as their half-lives are comparable to the
variable melting rates of common mantle lithologies (Bourdon et al., 2003; McKenzie,
1985; Russo et al., 2009; Spiegelman & Elliott, 1993; Standish & Sims, 2010; Stracke et
al., 2003). U-series are also a useful tool for tracking the mechanisms of magma transport
in the melt zone and potentially through the lithosphere using melting models.
McKenzie (1985) developed the dynamic melting model to track U-series
disequilibria in instantaneously extracted, “near fractional” partial melts. An alternative
model for melt generation and migration is reactive porous flow (RPF), which tracks the
fractionation and ingrowth of U-series isotopes during partial melting and magma
migration through an effectively chromatographic melting column (Spiegelman & Elliott,
1993). Both RPF and dynamic melting models can predict U-series isotope
concentrations and activities, which can be compared to global MORB data to attempt to
explain global magma origins and the nature of the melting process (Elkins et al., 2016,
2019; Lambart et al., 2016; McKenzie, 1985; Hirschmann and Stolper, 1996; Pertermann
and Hirschmann et al., 2003; Russo et al., 2009; Spiegelman & Elliott, 1993). The
approach for this study compares RPF melting model results to MORB data. The model
results may provide insight into melt supply and transport affects on the measurable Useries isotopes and can then be compared to major and trace elements.
While the nature of the melting process (e.g., equilibrium vs. chemical
disequilibrium between the migrating solid and liquid) has a significant effect on magma
composition in these models, differences in U-series disequilibria may also be affected by
the lithologic composition of the mantle source; different mantle rocks (e.g., peridotite
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versus pyroxenite) should melt at dramatically different rates and may contain different
minerals (Lambart et al., 2016; Langmuir et al., 1992; Pertermann & Hirschmann, 2002;
Stracke & Bourdon, 2009). This study will explore the effects of lithospheric thickness
and mantle source heterogeneities under slow-spreading ridge conditions and will be
related to Lyu’s (2019) major and trace element data from the Kane-Atlantis
Supersegment. One of the main goals of this study is to relate U-series modeling results
and major and trace elements to determine melt supply variation effects on crustal
accretion styles.
The Kane Atlantis Supersegment (24° N-31° N) of the Mid-Atlantic Ridge
(MAR) is a slow-spreading ridge that provides a useful area to explore varying crustal
construction styles (Figure 1, Murton & Rona, 2015). Slow spreading mid-ocean ridges
may account for ~80% of the global mid-ocean ridge system (Murton and Rona, 2015).
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Figure 1. Global bathymetry and topographic map showing the Kane- Atlantis Supersegment of the MidAtlantic Ridge (KA-MAR). Crosses show locations of the centers of second-order ridge segments for the
major mid-ocean ridges (modified from Murton & Rona, 2015).

Slow-spreading ridges like the Kane-Atlantis Supersegment exhibit both
asymmetrically (detachment fault-bearing) and symmetrically accreted second-order
ridge segments (Murton & Rona, 2015; Smith et al., 2012; Standish & Sims, 2010; Yu et
al., 201). Studies suggest that magma supply and composition may drive faulting style
and crustal accretion modes, affecting seafloor morphology and producing geochemical
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differences in MORB composition (Escartín et al., 2008; Lyu, 2019; Murton & Rona,
2015; Smith et al., 2008). Differences in geochemical signatures in basalts from both
symmetrically and asymmetrically accreted ridge segments may record the underlying
melt generation and transport processes. This is important because differences in
geochemical signatures (e.g., U-series isotopes and major and trace elements) may
contribute to our understanding of the relationships between accretion style and magma
supply variations at slow-spreading mid-ocean ridges.
This study examines the role of mantle heterogeneities on U-series disequilibria in
MORB under slow-spreading ridge conditions, using both equilibrium and disequilibrium
RPF melting models. I also test for the additional role of varying lithospheric thicknesses
of 10 kbar and 15 kbar to represent thicker lithosphere under slow- and ultra-slow
spreading ridge conditions (Naliboff et al., 2012; Peirce et al., 2019). Here I compare
model outcomes to the global MORB data set to determine: (1) whether varying
lithospheric cap thicknesses at 15 kbar (46 km), and 10 kbar (30 km) cause measurable
differences in U-series disequilibria; (2) whether the U-series disequilibria predicted by
the RPF models in partial melts are comparable to the global MORB data, for a range of
lithologic types; (3) how future U-series results, in combination with major and trace
element measurements in MORB, could be used to determine the extent to which
heterogeneities affect crustal accretion modes and ridge symmetry at the Kane-Atlantis
Supersegment; and (4) whether RPF models better reproduce the global MORB data than
traditional dynamic melting models and which model might be better applied to future Useries analysis of the Kane-Atlantis Supersegment .
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2. Background
2.1 Mid-ocean ridge systematics
2.1.1 Mid-ocean ridge settings
The global system of MOR is responsible for the creation of new oceanic crust
(Macdonald et al., 1988; Murton & Rona, 2015; Olive & Escartín, 2016; Smith & Cann,
1993; Smith et al., 2006, 2012). Spreading rates range from fast (>10 cm/yr) through
intermediate (5.5-10 cm/yr) and slow (5.5-2.0 cm/yr), to ultraslow (< 2.0 cm/yr). The
MOR system accounts for ~70% of global magmatism and generates two-thirds of
Earth’s new crust (Gale et al., 2013; Smith & Cann, 1993; Smith et al., 2012; Standish &
Sims, 2010). Average crustal thickness of mid-ocean ridges is relatively uniform,
between 5-7 kilometers thick, with the crust being 0 kilometers thick at the ridge center
of fast-spreading ridges (Naliboff et al., 2012). Lithospheric thickness varies from 0
kilometers at the ridge center of fast spreading ridges to 100 kilometers in older oceanic
plates (Naliboff et al., 2012; Pierce et al., 2019).
Slow-spreading ridges constitute ~80% of the total global MOR length and it is
critically important to gain a greater knowledge of the driving forces along slowspreading centers to better understanding the global tectonic system (Murton & Rona,
2015). Slow-spreading ridges are also unique in hosting both symmetrical (i.e., typical
normal faulting) and asymmetrical (i.e., detachment faulting) accretion styles in roughly
equal proportions (Murton & Rona, 2015). Intermediate- and fast-spreading ridges are
dominated by symmetrical accretion (Olive & Escartín, 2016; Smith & Cann, 1993;
Smith et al., 2006, 2012). The ultraslow-spreading ridges are characterized by
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amagmatic, fault-dominated accretion, and detachment faults (Standish & Sims, 2010).
Both crustal accretion styles can be seen in Figure 2 ( Escartín et al., 2008).

Figure 2. Asymmetrical (a.) and symmetrical (b.) accretion (Escartín et al., 2008). The dashed red line
indicates the top of the melting regime with melting temperatures of 750°C. Red arrows indicate ascending
magma. a. The green line is the detachment fault that truncates the top of the melting column, resulting in
low extents of mean melting and a thick lithosphere. b. Symmetrical accretion without melting column
truncation resulting in thinner lithosphere.

2.1.2 Tectonic controls on mid-ocean ridge construction
The purpose of this study is to investigate the driving factors of magma supply
and its effects on crustal construction styles at slow-spreading ridges. Understanding the
crustal construction styles is necessary to understand magma emplacement at a MOR
setting and its tectonic controls.
Passive upwelling and partial melting of the mantle occurs when the two
overlying plates diverge, causing the solid asthenosphere to rise in response (Blackman et
al., 1998; Scott & Stevenson, 1989; Smith & Cann, 1993; White & Klein, 2013). While
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passive upwelling happens in response to tectonic extension, mantle asthenosphere can
also actively upwell in hotspot regions, which may be situated near passive upwelling
cells, creating a combination of tectonic and active (i.e., mantle-plume driven) mantle
decompression followed by magmatic emplacement (Blackman et al., 1998, 2009;
Colman et al., 2012; Scott & Stevenson, 1989; Smith & Cann, 1993).
Along a ridge axis, typically broken into discrete segments, magma is supplied in
greater volumes to the segment centers than to the segment ends, broadly resulting in a
thicker oceanic crust at the center (Coleman et al., 2012; Smith & Cann, 1993).
Perpendicularly across each segment, the spreading axis is narrow, with most magmatic
activity happening in a narrow neovolcanic zone, even at ultraslow-spreading rates where
magma supply is especially low (Standish & Sims, 2010). The higher magmatic activity
at the center of the ridge suggests that melt either: 1. accumulates and pools beneath the
center of each segment, migrates, and then moves laterally along the axis for a limited
distance; or 2. disperses vertically from the underlying mantle melt zone along the entire
segment without pooling, but with more significant upwelling in the mantle beneath the
segment’s center (Coleman et al., 2012; Smith & Cann, 1993; Smith et al., 2012).
Uranium-series eruption ages of volcanic rocks at ultra-slow spreading ocean ridges have
further identified young basaltic rocks throughout the rift valley; this indicates that at
least in less magmatically-driven settings, volcanic activity is not confined to the
spreading axis, and magma can likely travel to the surface along faults (Standish & Sims,
2010).
Tectonic extension combined with magmatic activity contributes to the crustal
accretion style (i.e., symmetrical versus asymmetrical faulting) and may be influenced by
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the supply and emplacement depths of magma derived from the underlying mantle,
affecting magma supply leading to symmetrical and asymmetrical crustal accretion
(Escartín et al., 2008; Murton & Rona, 2015; Olive & Escartín, 2016; Scott & Stevenson,
1989; Smith et al., 2008, 2012). As noted above, symmetrical accretion is typically
dominant along intermediate- and fast-spreading ridges and is associated with robust
volcanic activity (Standish & Sims, 2010). Symmetrical accretion and the associated,
underlying high magma flux likely bury the symmetrical, high-angle normal faults that
frame the axial valley, creating a smooth and inflated morphology (Escartín et al., 2008;
Murton & Rona, 2015; Standish & Sims, 2010). MacLeod et al. (2009) proposed that
magma supply to the spreading center exerts a primary control over the presence or
absence of detachment faulting (i.e., asymmetrical or symmetrical accretion), suggesting
that magma supply is a key driver of ridge symmetry.
Detachment faults are long-lived (some recording active slip duration for as long
as 1-2 Ma on a single fault surface; Sloan & Patriat, 2004), and a single active
detachment fault can extend several kilometers away from the ridge axis (Smith et al.,
2006, 2012). Detachments are associated with high seismicity caused by tectonic strain
and increased oceanic lithospheric thickness from the decreased magmatic activity; a
detachment ultimately terminates when cut by a newer fault as the plates diverge (Cann et
al., 1997; Escartín et al., 2008; Humphris et al., 2015a; MacLeod et al., 2009; Murton &
Rona, 2015; Smith et al., 2006, 2012; Tucholke & Lin, 1998). The thickening of the
lithosphere due to detachment faults also shortens the underlying mantle melting column
by truncating the decompressing column at depth (Escartín et al., 2008). Detachment
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faults along asymmetric segments are also underlain by deep, crystal mush zones where
extensive melt-rock interactions likely occur (Lissenberg & Dick, 2008).
Across an asymmetrical segment, the thicker lithosphere associated with active
detachment faults contributes to slower migration from the ridge axis when compared to
the symmetrical faults observed along fast-spreading ridges; this causes an accumulation
of large offsets and mature detachment faults in the seafloor produced by slow-spreading,
asymmetrical ridge segments (Buck et al., 2005; Olive & Escartín, 2016; Macleod et al.,
2009; Tucholke et al., 2008).
Long-lived detachment faults are also associated with oceanic core complexes
(OCCs), particularly at slow and ultra-slow spreading MORs, and at inside corner highs
along major transform offsets; OCCs likewise affect seafloor morphology as well as
hydrothermal activity (Humphris et al., 2015b; Smith et al., 2008, 2012). Along major,
well-developed detachment faults, OCCs exhume and expose lower crustal and upper
mantle rocks that are then preserved in the oceanic crust after fault termination (Smith et
al., 2012). Exhumation of OCCs occurs by movement along the largest, low angle
detachment faults and results in off-axis, corrugated features on the seafloor known as
“megamullions” (e.g., the Kane Megamullion or OCC, just south of the Kane Fracture
Zone, Figure 3) (Blackman et al., 1998; Cann et al., 1997; MacLeod et al., 2009; Murton
& Rona, 2015; Smith et al., 2006, 2012; Tucholke et al.,1998).
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Figure 3. Bathymetric map showing the oceanic core complex (white box) south of the Kane Fracture
Zone, after Tucholke et al. (1998).

The Kane OCC is located on the inside corner of the Kane Fracture Zone, and the
adjacent axis has a half-spreading rate of 1.44 cm/yr (Dick et al., 2008; Zhiteng et al.,
2013). Due to its proximity to the slow-spreading Kane Atlantis (KA) Supersegment, the
Kane OCC is locally useful for studying detachment faults, symmetry, and magma supply
variations (Murton & Rona, 2015; Humphris et al., 2015b; Tucholke et al., 1998). The
Kane OCC consists of exposed gabbros and serpentinized peridotite near the exhumed
footwall (e.g., Dick et al., 2008; Tucholke et al., 1998; Xu et al., 2009). The KA
Supersegment also hosts many other detachment-faulted segments making it an excellent
area to investigate changes in magma supply and fertility (Murton & Rona, 2015;
Humphris et al., 2015b; Tucholke et al., 1998).
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2.1.3 Underlying mantle characteristics and dynamics
A better understanding of magma supply variation origins, which may influence
crustal accretion style, requires further exploration of mantle characteristics and
dynamics under slow-spreading ridges such as the Kane-Atlantis Supersegment.
Mid-ocean ridge construction is a product of ascension and decompression of
largely lherzolitic (a peridotitic rock) mantle beneath the ridge axis (Elkins et al., 2011;
Klein & Langmuir, 1987; Lambart et al., 2009, and references therein). The axial ridge
seafloor depth, a proxy for crustal thickness, reflects underlying regional variations in
mantle temperature that drive the overall extent of mantle melting and thus the total
magma flux (Bourdon et al., 1996 and references therein; Klein & Langmuir, 1987). The
equivalent temperature of a mantle rock brought to the surface without melting is the
potential temperature (White & Klein, 2014).
Mantle temperature plays a crucial role in this system by controlling the initial
melting pressure in a passive upwelling mantle regime, as shown in Figure 4. Figure 4a
shows a relatively high mantle potential temperature with a deep solidus and long melt
interval, resulting in a thick overlying oceanic crust layer and large degrees of partial
melting (Bourdon et al., 1996 and references therein; Elkins et al., 2011; Klein &
Langmuir, 1987; White & Klein, 2014). Figure 4b shows a cooler mantle scenario (i.e.,
lower potential temperature) and a shorter melt column that produces thinner oceanic
crust and smaller degrees of partial melting (Bourdon et al., 1996 and references therein;
Elkins et al., 2011; Klein & Langmuir, 1987; Langmuir et al., 1992; White & Klein,
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2014).

Figure 4. Steady-state passive upwelling of and melting regime model beneath mid-ocean ridges after
White and Klein (2014). Red curved lines with arrows indicate solid mantle convection paths through the
melting regime; dashed lines indicate the extent of melting for a simple constant melting rate. a) A hotter
mantle intersection at deeper solidus depth, causing a larger mean and maximum extent of melting. b) A
cooler mantle intersection at a shallower solidus depth causes a smaller mean and maximum extent of
melting.

Mantle potential temperatures under mid-ocean ridges likely vary between 13001450 oC (Asimow et al., 2001; Grose & Afonso, 2013; Herzberg, 2004; Langmuir et al.,
1992; McKenzie & Bickle, 1988). As explained above, the initial depth of melting (i.e.,
solidus depth) of a peridotitic mantle depends on the source mantle’s potential
temperature (Klein & Langmuir, 1987; White & Klein, 2014). The solidus depth is also
affected by the presence of lithologic heterogeneities, such as eclogite or pyroxenite rich
veins, which in many cases are expected to begin melting at higher pressures than
peridotite rocks (Bourdon et al., 1996 and references therein; Elkins et al., 2019; Lambart
et al., 2016; Lambart, 2017; Lundstrom et al., 1998 a,b; Phipps Morgan, 2001).
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2.1.4 Lithologic heterogeneity in the mantle
Hirschman & Stolper (1996) proposed that chemical heterogeneity in the mantle
may be derived from the melting of pyroxene-rich mafic lithologies (i.e., pyroxenites)
and recycled oceanic crust. Many subsequent studies support their conclusions based on
measurements of major and trace elements and radiogenic isotopes in oceanic basalts
(e.g., Elkins et al., 2016b, 2019; Kogiso et al., 2004; Lambart et al., 2009, 2013, 2016).
However, some geochemical studies have used major and trace elements and radiogenic
isotopes to suggest the presence of metasomatized peridotites rather than pyroxenite
lithologies in the mantle source for some hotspots such as the Azores (e.g., Prytulak &
Elliott, 2009).
According to Lambart et al. (2016), pyroxenites are a broad class of rocks that
have mafic to ultramafic compositions (Kogiso et al., 2004; Lambart et al., 2013), are
pyroxene abundant, and have less than 40% olivine. Garnet pyroxenites provide a
possible explanation for melt generation beneath MOR, where the basalt compositions
indicate the presence of residual garnet during melting (e.g., Lambart et al., 2016).
Melting of mantle garnet pyroxenites could likewise potentially explain differences in
crustal construction styles at mid-ocean ridges, as they melt more productively than
peridotites (Lambart et al., 2016; Lambart, 2017; Elkins et al., 2019).
For this study, I concentrate on U-series isotopes which can help fingerprint the
source heterogeneities present in the melting mantle. Major and trace elements can help
identify the melting process and source composition in conjunction with U-series
isotopes. Major element analysis (i.e., Na, Ca, Mg, Al, Fe, Ti) can suggest heterogeneities
through distinct enrichment and depletion patterns (Klein & Langmuir, 1987). Trace
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element signatures can provide information about source composition and melting
processes in distinct, long-lived mantle reservoirs, which record trace element depletion
or enrichment integrated over long periods of time (Herzberg, 2004; Hofmann, 2003; Niu
et al., 2001; Klein & Langmuir, 1987; Phipps Morgan, 2001; Rudge et al., 2013; Salters
& Stracke, 2004; Stracke & Bourdon, 2009).
Notably, pyroxenites exhibit different melt partitioning behavior than peridotites
for certain elements (Langmuir et al., 1992; Pertermann & Hirschmann, 2002; Stracke &
Bourdon, 2009). For example, strontium (Sr) isotopes are more incompatible in
peridotites than in pyroxenites and can be potentially useful in determining mantle source
heterogeneity (Guo et al., 2021; Niu et al., 2001; Salters & Stracke, 2004; Stracke &
Bourdon, 2009). Mid-ocean ridge basalts are typically “normal-type” (N-MORB) or, less
often, “enriched-type” (E-MORB), which are relatively enriched in trace elements
(Hofmann, 2003; Salters & Stracke, 2004). For example, Lyu’s (2019) preliminary major
and trace elements results from the slow-spreading Kane-Atlantis Supersegment indicate
that pyroxenite partial melts may be contributing more melt supply at symmetrical
segments. Using major and trace elements in basalts in combination with U-series
isotopes makes it possible to evaluate whether pyroxenites might influence melt supply at
symmetrical and asymmetrical segments of the Kane-Atlantis Supersegment.

2.2 Uranium-series disequilibria in MORB
2.2.1 Uranium-series isotopes
To further investigate the origins of mid-Atlantic MORB and explore whether and
how their petrogenesis is related to drivers of magma supply and crustal construction, I
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aim to use computational modeling to predict U-series isotopes compositions in a
bilithologic melting regime. Future U-series results from Kane-Atlantis Supersegment
samples may be compared to modeling results to evaluate if models are correctly
predicting melt supply variations. Naturally occurring uranium isotopes are radioactive
on geologic timescales, and their decay produces a complex, step-wise decay chain of
sequential radioactive nuclides (Fig. 3) (McKenzie, 1985; Spiegelman & Elliott, 1993).
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The Uranium-235 Decay Chain
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Figure 5. The decay chain of the 238U-series (top) and 235U-series (bottom), after Bourdon et al. (2003). The
elements of interest are highlighted in orange.

For this study, I will focus on the decay chains of

238

U and 235U, shown in Figure

5. In a decay series, the activity (i.e., nuclides’ instantaneous decay rate or Nl) of
radioactive nuclides measures the number of decay events per unit of time (Bourdon et
al., 2003; McKenzie, 1985). When a parent nuclide’s activity is equal to the activity of a
daughter nuclide in the same chain, the system is in secular equilibrium with an activity
ratio of 1 (Bourdon et al., 2003; McKenzie, 1985; Spiegelman and Elliott, 1993; Standish
and Sims, 2010).
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Certain daughter products of the

238

U and

235

U decay chains are helpful for the

analysis of mantle melting because their half-lives resemble the timescales of melting and
melt transport processes. For this study, the relevant isotopes are 226Ra, 230Th, and 231Pa.
226

Ra (half-life of 1,600 yrs.) helps determine the age of basaltic samples that are

otherwise of unknown age, such that higher activity ratios of (226Ra/ 230Th) (i.e., 226Ra
excess) constrain eruption ages to five half-lives or < 8000 years (McKenzie, 1985;
Russo et al., 2009; Spiegelman & Elliott, 1993; Standish & Sims, 2010; Stracke et al.,
2003). 231Pa and 230Th have significantly longer half-lives of 32,800 and 75,000 years,
respectively (Bourdon et al., 2003).
The U-series activity ratios between two nuclides of interest within a decay chain
(e.g., (230Th/238U), (226Ra/230Th), and (231Pa/235U)) can be disturbed by fractionation
processes such as melting and melt-rock chemical interactions, creating a state of
disequilibrium and an activity ratio other than 1 (Bourdon et al., 2003; Standish and
Sims, 2010). If undisturbed, the system will gradually return to secular equilibrium after
~6 half-lives of the daughter nuclide (Bourdon et al., 2003).

2.2.2 Uranium-series: Effects of mantle heterogeneity
The fractionation of U-Th-Ra during melting is recorded in MORB as
disequilibria among the U-series isotopes (Stracke et al., 2006; Russo et al., 2009). For
example, melting in the presence of garnet creates (230Th/238U ) >1 in the partial melt, due
to the higher compatibility of U than Th in residual garnet in the presence of silicate melt
(Bourdon et al., 1996; Blundy & Wood, 2003; Elkins et al., 2008, 2016, 2019; Lambart et
al., 2016; Hirschmann et al., 2003; Hirschmann & Stolper, 1996; Pertermann &
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Hirschmann, 2003; Prytulak & Elliott, 2009). A high (

230

238

Th/ U) activity ratio thus

suggests melting of a garnet-bearing lithology, which in the mantle may mean either
garnet peridotite or garnet pyroxenite rocks. The pyroxenite scenario, as described above,
may provide an explanation for higher melt generation beneath certain mid-ocean ridge
segments, leading to higher melt supply to the overlying ridge axis (Blundy & Wood,
2003; Bourdon et al., 1996; Elkins et al., 2019; Lambart et al., 2016 Hirschmann &
Stolper, 1996; Wilson et al., 2013).
(226Ra/230Th) in MORB exhibit a negative correlation with (230Th/238U) in ageconstrained, unaltered basalts far from hotspots (Sims et al., 2002). This negative
correlation has been interpreted to support the continuous melting of a homogeneous
mantle source, which progressively evolves while depleting the source in incompatible
trace elements (Sims et al., 2002). For example, melting of a homogenous mantle beneath
the Kolbeinsey Ridge (i.e., a slow-spreading ridge with thick crust and inferred high
potential temperatures) has produced basalts with moderately high (230Th/238U) and high
(226Ra/230Th) and (231Pa/235U); these compositions are likely indicative of melting in the
garnet lherzolite stability field, without requiring additional mantle heterogeneity (Elkins
et al., 2011).
Studies of oceanic basalts from other MOR locations have suggested a significant,
measurable contribution of partial melts from garnet pyroxenites and eclogites, however
(Elkins et al., 2016, 2019; Lambart et al., 2016; Lyu, 2019; Hirschmann & Stolper, 1996;
Hirschmann et al., 2003; Pertermann & Hirschmann et al., 2003; Prytulak & Elliott,
2009). Due to the highly incompatible nature of U-series isotopes during partial melting,
very small degrees of melting are expected to fractionate the nuclides from one another.
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As explored above, in the presence of garnet, Th is preferentially sequestered into the
melt, generating a (230Th/238U) activity ratio >1 (Blundy & Wood, 2003; Bourdon et al.,
1996; Elkins et al., 2008, 2019). (230Th/238U) activity ratios, especially when considered
together with (226Ra/230Th) and (231Pa/235U) activity ratios, are also sensitive to the
quantity of garnet in the melting residue and can thus help to fingerprint the difference
between deep melting of garnet lherzolite and garnet pyroxenite (Blundy & Wood, 2003;
Sims et al., 1999, 2002). Because of their recycled origins, such sources are also expected
to have high concentrations of incompatible elements and enriched radiogenic isotope
signatures. Enriched radiogenic isotopes, coupled with high (230Th/238U) and low
(226Ra/230Th) and (231Pa/235U) excesses, are thus particularly indicative of lithologic
heterogeneity of the source, specifically the presence of recycled, pyroxene-rich mafic
rocks (Elkins et al., 2011, 2014, 2016b, 2019; Lundstrom et al., 1998b, 1999; Russo et
al., 2009; Turner et al., 2015; Waters et al., 2011).
Uranium-series measurements from different segment types along the MidAtlantic Ridge may thus assist in evaluating the origins of magma supply variations, in
particular, whether melting of more fusible mantle heterogeneities plays a role in the
generation of different crustal faulting and accretion styles (Elkins et al., 2019; Klein &
Langmuir, 1987; McKenzie, 1985; Spiegelman, 2000; Spiegelman & Elliott, 1993; Strake
et al., 2003; Williams & Gill, 1989).

2.3 Melting models
The development of isotopic disequilibrium during continuous reactions like
partial melting is complex. Computational models are used to calculate concentrations
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and activity ratios of U-series isotopes in partial melts by manipulating variables such as
porosity, solid mantle upwelling rates, melt migration rates, solid/liquid partition
coefficients, and lithospheric thickness (Lambart et al., 2016; Elkins et al., 2019;
McKenzie, 1985; Spiegelman, 2000; Spiegelman & Elliott, 1993; Strake et al., 2003;
Williams & Gill, 1989). Changes in these input variables allow model users to compare
the sensitivity of U-series disequilibria in partial melts to factors of interest, such as
lithologic types, melt extraction mechanisms, and solid decompression rates. Prior studies
have developed (e.g., McKenzie, 1985; Spiegelman & Elliott, 1993; Williams & Gill,
1989) and explored the effects of partial melting on U-series nuclides using melting
models (e.g., Elkins et al., 2019; Niu et al., 2001; Prytulak & Elliott, 2009). The endmember model scenarios are dynamic melting (e.g., McKenzie, 1985; Williams & Gill,
1989) and RPF (e.g., Navon & Stolper, 1987; Spiegelman & Elliott 1993). Once
measured, U-series results from the Kane-Atlantis Supersegment can be compared to the
modeling results and may help determine variations of melt supply.

2.3.1 Dynamic melting
One of the first radioactive disequilibrium melting models, dynamic melting, was
developed by McKenzie (1985) to track the residence times of U-series isotopes during
two-phase (solid and liquid) flow (Figure 6). The dynamic melting model calculates
outcomes for a near-fractional (i.e., chemical disequilibrium) melting scenario with a
critical melt porosity threshold, above which the melt travels instantaneously in chemical
isolation (Bourdon et al., 2003; McKenzie, 1985; Williams & Gill, 1989). The resulting
model outcomes typically reveal that incompatible elements are efficiently removed from
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the residual source during progressive melting at depth, an expected effect of
disequilibrium melt extraction (Blundy & Wood, 2003; McKenzie, 1985; Williams &
Gill, 1989). Near-fractional, dynamic melting is also relatively insensitive to variables
such as thermal isolation versus thermal re-equilibration between two coexisting
lithologies (Elkins et al., 2019). Based on prior calculations and tests, the model is thus
primarily sensitive to initial melting conditions (McKenzie, 1985; Richter, 1986;
Williams & Gill, 1989) and bulk rock partition coefficients (Elkins et al., 2008; Stracke et
al., 2003; Sims et al., 2002; Pertermann & Hirschmann, 2003).

Dynamic Melting
Base of lithosphere (melting stops)

Solidus (melting starts)

Figure 6. This diagram shows a time-independent mantle upwelling column experiencing dynamic melting
after McKenzie (1985), modified from Elkins et al. (2019). The thick red lines are flow paths and indicate
the high porosity channels with finite width, and the black arrows indicate magma flow path. The red dots
are small degrees of melt residing in the pore space of the host rock.
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In dynamic melting scenarios, 226Ra and 230Th excesses relative to their parent
nuclides are thus dominantly produced at the bottom of the melt column (i.e., in the
garnet lherzolite stability field for higher mantle temperature scenarios) (Blundy &
Wood, 2003; Sims et al., 1999, 2002). A result of this outcome is that rapid transport is
required to preserve 226Ra-230Th disequilibrium in partial melts, since the extracted
accumulated melt cannot react with the solid matrix during ascent and instead simply
experiences radioactive decay due to aging during transport (Blundy & Wood, 2003;
Sims et al., 1999, 2002).

226

Ra excess relative to 230Th is thus best produced and

preserved in dynamic melting scenarios with relatively slow melting rates that generate
high (226Ra/230Th) initially, followed by very fast melt extraction (McKenzie, 1985;
Spiegelman & Elliott, 1993; Zou, 1998; Zou & Zindler, 2000). Due to the large range of
(226Ra/230Th) observed in global oceanic basalts, one of the main constraints on dynamic
melting is the rate of extraction needed to preserve 226Ra produced from the bottom of the
melt column (Blundy & Wood, 2003; Prytulak & Elliott, 2009; Sims et al., 1999, 2002;
Williams & Gill, 1989).
(230Th/238U) and (231Pa/235U) have longer half-lives than 226Ra and are thus most
sensitive to the local melt fraction in equilibrium with the matrix, bulk rock partition
coefficients, melting rate, and melting time (McKenzie, 1985; Sims et al., 1999; Zou &
Zindler, 2000). In comparison, the (226Ra/230Th) generated during melting is typically
only sensitive to the melt fraction in local equilibrium with the matrix (McKenzie, 1985;
Zou & Zindler, 2000), controlled by the residual melt porosity during melting.
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Stracke et al. (2006) argued that near-fractional dynamic melting of peridotite
mantle explains most observed U-series disequilibria in MORB. The dynamic melting
model results of Elkins et al. (2019) argue against purely dynamic melting of peridotite
mantle, however, as their (230Th/238U) ratio results are too low to explain global MORB
data. Their lower (230Th/238U) ratios may be due to initial melt productivity variations
rather than solely partition coefficients (Elkins et al., 2019).

2.3.2 Reactive porous flow melting
Spiegelman and Elliott (1993) developed an alternative melting model that tracks
U-series decay and rock-melt partitioning with full equilibration between the
decompressing solid and liquid over time. Their RPF model explicitly calculates the flow
of the melt and the solid in continuous chemical interaction in equilibrium and
disequilibrium transport scenarios. This chemical interaction generates outcomes where
each element effectively travels at different velocities depending on their partitioning
(i.e., a chromatographic effect; Spiegelman & Elliott, 1993). As a result, a more
compatible parent element travels slower and resides in the melt column for longer,
where it decays and increases the quantity of more incompatible daughters via ingrowth,
thus considering radioactive decay and conservation of mass (Figure 7) (Blundy &
Wood, 2003; McKenzie, 1985; Spiegelman & Elliott, 1993).
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Figure 7. Conceptual diagram from Elkins et al. (2019) and references therein illustrating time-dependent
melting scenarios for a. dynamic melting and b. RPF transport processes. The red specks represent small
degrees of melt residing in the pore space of the host rock. The red and black arrows represent magma flow
paths. The dynamic melting is the same as in Figure 6. RPF flow paths follow low-porosity grain
boundaries (Elkins et al., 2019).

Figure 7 illustrates the differences between dynamic melting and reactive porous
flow melting (Elkins et al., 2019). U-series isotopes can be further disturbed when
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heterogeneities begin melting in RPF models and is illustrated in Figure 8 (Elkins et al.,
2019).

Figure 8. The diagram of the equilibrium transport RPF scenario shows low-porosity flow around grains in
a bilithologic melting regime after Elkins et al. (2019). The brown ellipses are fertile pyroxenite zones with
deeper onset melting than the ambient peridotite. Melting of pyroxenite starts at the pyroxenite solidus,
while melting of peridotite starts at the peridotite solidus. Pyroxenite partial melting is shown by the dark
droplets, which later travel by channelized flow. The ambient peridotite melts are shown by the light
droplets, which partially melt above the peridotite solidus and flow along the grain boundaries by porous
flow. Peridotite droplets that travel via channelized flow would be considered in disequilibrium transport.

Figure 8 illustrates the melt transport mechanisms for RPF equilibrium transport
in a bilithologic melting regime, where the partial melt generated above the respective
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solidus travels along grain boundaries in a low porosity transport regime (Elkins et al.,
2019). In addition to the equilibrium transport described above, the RPF equations can
also be used to simulate a disequilibrium scenario where the melt and solid travel in pure
chemical disequilibrium (see Spiegelman & Elliott, 1993 appendix). The RPF
disequilibrium transport model thus calculates perfect fractional extraction without reequilibration between the solid and melt and accounts for different ascent times (Blundy
& Wood, 2003; Elkins et al., 2019; Elkins & Spiegelman, accepted; Spiegelman &
Elliott, 1993). The disequilibrium RPF model is thus similar to true accumulated
fractional melting, where the solid only interacts with instantaneous melts in local
chemical equilibrium, while accounting for the additional effects of time on melting and
melt transport for radioactive nuclides (Elkins et al., 2019; Elkins & Spiegelman,
accepted; Navon & Stolper, 1987; Sims et al., 2002; Spiegelman & Elliott, 1993).
In equilibrium RPF melting outcomes, in contrast with dynamic melting, high
(226Ra/230Th) does not need to be produced at the base of the melt column and then
preserved through rapid extraction to be observed in erupted melts; instead, excess 226Ra
relative to 230Th can be continually produced throughout the melt column, even with
comparatively slow melt migration (Cooper et al., 2000; Sims et al., 1999, 2002;
Spiegelman & Elliott, 1993). A numerical calculator that determines U-series outcomes
for the disequilibrium transport RPF model (known as “scaled disequilibrium”) and
mechanistically resembles dynamic melting, has recently been developed (Elkins &
Spiegelman, accepted). This new model has not yet been tested, however, so it is
currently unclear how sensitive partial melting outcomes will be to the initial melting rate
and melt extraction.

29
As noted above, lithologic heterogeneities can also cause significant differences
in U-series isotopes in modeled basaltic partial melts for both dynamic and equilibrium
transport RPF scenarios (e.g., Elkins et al., 2019; McKenzie, 1985; Spiegelman, 2000;
Spiegelman & Elliott, 1993; Stracke et al., 2003; Williams & Gill, 1989). Unlike dynamic
melting, disequilibrium RPF maintains mass conservation while solving for pure
chemical disequilibrium transport, with no continuous chemical reaction between the
liquid and the coexisting solid (Elkins & Spiegelman, accepted; McKenzie, 1985;
Spiegelman & Elliott, 1993). The outcomes of a RPF disequilibrium model for a
bilithologic (i.e., peridotite and pyroxenite) mantle melting scenario are not well studied
and require further research.

2.4 Geologic Setting
2.4.1. The Kane-Atlantis Supersegment
Located along the Mid-Atlantic Ridge (MAR) between 24° N-31° N and between
the Kane and Atlantis Fracture Zones (Figure 9, Murton & Rona, 2015), the KaneAtlantis (KA) Supersegment is a long, slow-spreading ridge segment. This segment has a
half-spreading rate of less than 1.8 cm/yr and a crustal thickness up to 6 km (Murton &
Rona, 2015). Axial depths range from 3450 m in the north to 4400 m in the south and
have inferred corresponding mantle temperature variations of ~83°C, with higher
temperatures in the north (towards the Azores hotspot) (Murton & Rona, 2015). Although
the underlying mantle lithology and the relative contribution of pyroxenite partial melts
to basaltic magmas produced beneath the KA Supersegment axis remain unclear, the
morphology and seismicity of the area are well-characterized (Blackman et al., 1998,
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2009; deMartin et al., 2007; Murton & Rona, 2015). The KA Supersegment is subdivided
into thirteen smaller, second-order segments divided by a combination of transform faults
and non-transform offsets (Murton & Rona, 2015; Olive & Escartín, 2016). The axial
valleys of these smaller segments, some of which expose lower crust and upper-mantle
lithologies along fault surfaces, are bounded by a combination of typical normal faults as
well as detachment faults (Murton & Rona, 2015).

Figure 9. Bathymetric map of the Kane-Atlantis Supersegment, red representing shallower seafloor depths
and blue greater depths. The white arrows indicate spreading direction of the plates (Murton & Rona,
2015). The global location map of the KA Supersegment is seen in Figure 1. The Kane Megamullion from
Figure 2 is outside of the study area at 23°30’N and 45°16’W.
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The outer segments (segments 1 and 13; Figure 9) have pronounced inside corner
highs along the adjacent fracture zones, with relatively thin, magma-starved crust
(Murton & Rona, 2015; Olive & Escartín, 2016). Segment 4 hosts a dispersed
hydrothermal field (the Trans-Atlantic Geotraverse, or TAG) and is interpreted to overlie
a buried detachment surface that has been imaged seismically (deMartin et al., 2007;
Humphris et al., 2015a; MacLeod, 2009; Murton & Rona, 2015; Olive & Escartín, 2016).
Other second-order segments exhibit more symmetrical spreading geometry,
while still others appear to be spreading moderately obliquely to the ridge axis and thus
exhibit a distinct type of oblique asymmetry (Abelson & Agnon, 1997). More broadly,
approximately 50% of the MAR likely hosts detachment fault-bearing second-order
segments, and based on seafloor morphology, exposed fault surfaces, and seismic
evidence, the KA Supersegment appears to host at least 6 detachment fault-bearing
segments (Humphris et al., 2015 b; McLeod et al., 2009; Murton & Rona, 2015;
Tucholke et al., 1998, 2008).
The Kane-Atlantis Supersegment thus has a consistent spreading rate, nearly
constant and monotonically varying axial depth and crustal thickness, and many secondorder segments with distinct spreading characteristics. The KA Supersegment has also
been extensively mapped and sampled through multiple expeditions. These
characteristics make the KA Supersegment a valuable area for studying magma supply
and crustal accretion that influence divergent tectonic properties along slow-spreading
mid-ocean ridges.
The major and trace element data from Lyu (2019) is part of the larger study of
how melt supply under the second order segments of the KA Supersegment effects the
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local sea floor symmetry. Using U-series models to simulate outcomes of partial melting
of pyroxenite and peridotite using varying lithospheric caps might provide insight into
how melt transport and supply might affect U-series activity ratios measured in erupted
basalts. These U-series model results might be applied to future U-series measurements
of the KA Supersegment in combination with the major and trace element data of Lyu
(2019) to determine how mantle heterogeneities affect crustal accretion and sea floor
symmetry.

3. Methods
3.1 Model rationale
3.1.1 Model Background and Software
As explored above, a number of questions remain regarding the generation of
partial melts in the sub-oceanic mantle. Uranium-series isotopes are particularly sensitive
to the timing and mechanisms of partial melting and melt transport, but the interpretation
of U-series isotope data in oceanic basalts is complex and requires numerical modeling
methods. In particular: 1) oceanic lithospheric thickness and 2) partial melting of a
heterogeneous mantle source is expected to have a noticeable, measurable effect on the
U-series isotopes (Elkins et al., 2019), but the results of melting under different magma
migration circumstances and the sensitivity of U-series disequilibria to those variables
remains unclear. Here I have developed a series of preliminary model calculation tests to
explore and better characterize the influence of lithospheric thickness and bilithologic
melting on U-series partial melt compositions.
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Specifically, I used the pyUserCalc model (in a Jupyter Notebook program) to
calculate U-series disequilibria in partial melts, for both equilibrium and disequilibrium
porous flow transport scenarios. The pyUserCalc code uses numerical methods to model
RPF in a 1-D, decompressing mantle melt column (Elkins & Spiegelman, accepted),
similar to the older UserCalc program (Spiegelman, 2000). The model calculations find
solutions to RPF equilibrium and disequilibrium transport equations from Spiegelman
and Elliott (1993) to calculate U-series disequilibria in partial melts. The new numerical
solution to disequilibrium transport melting developed by Elkins and Spiegelman
(accepted) is controlled by mass conservation and uses the Damköhler number (Da) to
simulate a complete fractional melting scenario (Da=0). The pure equilibrium transport
melting model simulates a scenario where Da=¥ and relies on the simpler equilibrium
porous flow equations of Spiegelman & Elliott (1993) with Spiegelman’s (2000)
numerical solution approach.
In more detail, Spiegelman & Elliott (1993) developed an equilibrium transport
model that accounts for the conservation of mass for both melt and solid phases, for each
nuclide of interest in the decay chain and a 1-D steady-state model (after formula 6 in
Spiegelman, 2000):
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where ci is the concentration of element or nuclide i in the fluid (f), F(z) is the melt
fraction as a function of depth (z), Di(z) is the bulk solid/melt partition coefficient for
element i as a function of depth, li is the decay constant for element i, r is the density of
the fluid (f) or solid (s), W0 is the one-dimensional solid upwelling rate, and (i-1)
indicates the parent of nuclide i. The first of the two terms on the right-hand side of eq (1)
track the changes in concentration of nuclide i with solid and melt partition coefficients in
a true batch melting scenario, independent of porosity and upwelling. The last term tracks
the concentration due to radioactive ingrowth and decay, and is a function of the residual
melt porosity and the solid mantle upwelling rate (Spiegelman, 2000; Spiegelman &
Elliott, 1993). The numerical model solves for the log of the concentration Ui as opposed
to nuclide concentrations because Ui is more accurate for highly incompatible elements
(Spiegelman, 2000). Issues occur when there is an extreme change in the solid
concentrations of highly incompatible elements, causing the ODE solver to find unstable
solutions at low values (Elkins & Spiegelman, accepted). The log of the concentration Ui
is defined in equations (2-4) below (formulas (7-9) in Spiegelman, 2000):
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where the log concentration of nuclide i in the melt, Ui(z) in the fluid (f), decomposes into
stable and radioactive parts such that 𝑈! (𝑧) = 𝑈!%)*+,( (𝑧) + 𝑈!-*. (𝑧). 𝑈!-*. (𝑧) is the
radiogenic ingrowth component, weff is the effective liquid velocity, 𝑅!!#$ is the ingrowth
"

factor, and 𝑐!,& is the concentration of element or nuclide i in the fluid (f) at secular
equilibrium (formula (15) from Elkins & Spiegelman, accepted).
As described above, Spiegelman and Elliott (1993) also solved for RPF with
chemical disequilibrium melt transport. The disequilibrium transport model is similar to
the above equations. However, the solid produces an instantaneous melt fraction that is
only in local equilibrium with the solid and does not react with the solid matrix further
during transport, such that Da=0 (Elkins & Spiegelman, accepted; Spiegelman & Elliott,
1993).
For this study, melting was calculated for a decompressing solid experiencing
both pure equilibrium and pure disequilibrium transport. The model scenario was stopped
at the base of the lithosphere, to simulate purely asthenospheric melting and calculate the
U-series disequilibria resulting from decompression and partial melting alone. In the
second round of calculations, these resulting partial melt compositions were then
modified to determine the further effects of radioactive decay, to simulate simple magma
transport and aging through the overlying oceanic lithosphere. The two rounds of
calculations were determined for multiple lithospheric thicknesses and two different types
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of mantle pyroxenite coexisting with peridotite. The second transport aging/decay
calculation was determined using a second Jupyter notebook tool (Elkins & Lambart, in
prep.). This calculation uses U-series radioactive decay equations to determine the effects
of aging during melt transport through the lithosphere without further chemical
interaction (from decay equations in Zou, 2007).

3.1.2 Modeling variables
Using the models presented above, I explored how lithospheric caps at 10 kbar
and 15 kbar (i.e., depths of 30 km and 46 km, respectively) affect the U-series
disequilibrium compositions of partial mantle melts (Hirschmann et al., 2003; Niu et al.,
1997; Pierce et al., 2019; Salters & Stracke, 2004; Yaxley & Sobolev, 2007).
Lithospheric thicknesses of 30 km and 46 km are in the mid-range of thicker oceanic
lithosphere (i.e., between mid-ocean ridges and ocean island lithospheric thickness; after
Hole & Millet, 2016) and might represent thicker oceanic lithosphere at slow-spreading
ridges. I used the bilithologic melting methods of Elkins et al. (2019) and pyUserCalc to
solve and generate gridded results of RPF equilibrium and disequilibrium transport model
calculations (Elkins & Spiegelman, accepted). I calculated the U-series activity ratios in
partial melts of MIX1G and Gb-108 pyroxenites and a coexisting peridotite. These
modeling results could be used with U-series measurements and major and trace elements
from slow-spreading MOR such as the Kane-Atlantis Supersegment to constrain mantle
heterogeneities. The two decompressing lithologies exchange energy to maintain a state
of thermal equilibrium while melting before and during lithospheric decay. I used a
mantle potential temperature of 1300 oC, as this is within the expected temperature range
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in the mantle under mid-ocean ridges (Asimow et al., 2001; Elkins et al., 2019; Ghiorso
et al., 2002; Grose & Afonso, 2013; Herzberg, 2004; Langmuir et al., 1992; McKenzie &
Bickle, 1988).
MIX1G pyroxenite is a silica-deficient variety, thought to be representative of an
average garnet pyroxenite (Hirschmann et al., 2003; Kogiso et al., 2003), while Gb-108
pyroxenite is a silica-excess variety that resembles a typical olivine gabbro rock (Yaxley
& Sobolev, 2007). One or both pyroxenite types (silica excess and silica deficient) may
exist in the convecting mantle as products of crustal recycling and mantle mixing
processes (e.g., Elkins et al., 2019; Lambart et al., 2016). The coexisting mantle
peridotite composition is based on a typical depleted mantle (DM) after Salters &
Stracke’s (2004) calculated estimate. These compositions were selected to test the
respective melting characteristics of lithologies that likely exist in the convecting suboceanic asthenosphere and to make a direct comparison to earlier dynamic melting
calculations from Elkins et al. (2019).
Petrologic melting constraints (liquid fractions and residual mineral compositions
and modes as a function of depth) were based on calculated results from pMELTS and
Melt-PX modeling tools (Elkins et al., 2019; Ghiorso et al., 2002; Lambart et al., 2016).
The pMELTS tool is used to predict mineral modes while the Melt-PX software predicts
near-solidus temperatures and extents of melting as a function of pressure and
temperature for pyroxenites (Elkins et al., 2019; Ghiorso et al., 2002; Lambart et al.,
2016). For the pressure-temperature paths followed by the melting lithologies, thermal
equilibration was assumed between the coexisting pyroxenite and peridotite in a
chemically isolated, bi-lithologic mantle (Elkins et al., 2019 and references therein;
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Lambart, 2016). Bulk rock partition coefficients for the elements of interest (U, Th, and
Ra) were determined using constant mineral/melt partitioning values predicted by the
experimental literature (see Appendix A, Table S1 and references therein) and the
predicted residual mineral modes from the petrologic calculations above.
Partition coefficients for U and Th in mantle minerals depend on mineral
composition, and slight differences in bulk partition coefficients of U and Th can cause
significant differences in modeling results (e.g., Bourdon et al., 2003; Elkins et al., 2008,
2011, 2016, 2019; Sims et al., 1999, 2002; Williams & Gill, 1989). Although
experimental constraints on compositional dependence are limited, to achieve the most
accurate results possible, the partition coefficients used in Elkins et al. (2019) and
reproduced in this study were selected considering: 1) the similarity of the melting
experimental lithology to our compositions of interest; 2) experiments that reached
equilibrium at pressure conditions of interest; 3) experiments where several solids grew
together in equilibrium (i.e., clinopyroxene and garnet); and 4) experiments that
maintained reasonable oxygen fugacity conditions, which can affect U behavior
(Appendix A, Table S1; Elkins et al., 2019 and references therein).
As noted above, the calculated melting column was truncated at a defined base of
the lithosphere, PLithos (at 10 and 15 kbar). Initial model conditions assumed that nuclides
of 238U, 230Th, 226Ra, and 231Pa began in secular equilibrium, as expected for typical
asthenospheric mantle rocks, due to mantle rock ages likely significantly greater than
500,000 yrs (McKenzie, 1985; Spiegelman & Elliott, 1993; Standish & Sims, 2010).
Uranium-series melt compositions were determined for solid mantle upwelling
rates from 0.5 - 10.0 cm/yr and maximum residual melt porosities between 0.1-2.0 %,
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similar to previous literature (Elkins et al., 2019; Elkins & Spiegelman, accepted; Grose
& Afonso, 2019; Spiegelman, 2000; Zou & Zindler, 2000), simulating a range of possible
mid-ocean ridge melting environments. Additional model input variables are shown in
Table 1.

Table 1. List of variables used in model calculations. The parameters below were used per the discussion
above, previous model runs by Elkins et al. (2019) and references therein.

Variables
Plithos
Pcrust
define_lith_Ds
data input option

Values
10, 15 kbar
2.2 kbar
new
no lith

φ0

0.008

W0
2.5 cm/yr
n
2
3
!s
3300 kg/m
!f
2800 kg/m3
Initial activity values
1.0 for all
Da (for disequilibrium)
1.00E-10
Depth
Plithos*3.08899
Lithospheric transport rate
1500 cm/yr
Isotopic decay through lithosphere
yes
Batch Operations
φ0
0.001, 0.002, 0.005, 0.01, 0.02
W0
0.5, 1.0, 1.5, 2.0, 4.0, 6.0, 10.0 (cm/yr)
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4. Results
Compositions at the base of the lithosphere at 10 kbar and 15 kbar (i.e., where the
melting column is truncated), prior to additional transport and decay through the
lithospheric layer, represent the maximum possible ratios in the primary melts (Figures
10, 12, 14, 16). Considering the age effects through the lithosphere using a rough
estimate for transport rate gives additional insight into how the U-series activity ratios
may look upon eruption (Figures 11, 13, 15, 17). The lithospheric transport decay
calculation relies on an estimated magma transport rate of 1500 cm/yr. This calculation
does not account for other possible processes that could occur, however, such as
variations in the magma’s path through the lithosphere, time spent pooling in lower
crustal crystal mush zones, and melt-rock chemical interactions.
Figures 10 and 12 are the gridded results for the RPF equilibrium transport model
calculations for lithospheric caps at 10 kbar (Figure 10) and 15 kbar (Figure 12), after
melting stops, but prior to any lithospheric transport with additional radioactive decay.
Each melting grid generates outcomes for a series of constant solid mantle upwelling
rates (W0 values) or reference porosities (maximum residual melt porosity values
expressed as a mass percent, f). Figures 11 and 13 generate the same gridded results, but
after decay through the lithosphere for lithospheric caps of 10 kbar (Figure 11, for a total
elapsed decay interval of 2059 yrs.) and 15 kbar (Figure 13, for a decay interval of 3088
yrs.). The decay intervals of 2059 and 3088 years are the transport time intervals
corresponding to the thickness of each lithospheric cap, using the same lithospheric
transport rate of 1500 cm/yr.
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When analyzing the gridded results, a few key points should be considered. The
solid lines show model results for constant solid mantle upwelling rates (W), and the
dashed lines show outcomes for constant maximum residual porosity values (f) for both
(226Ra/230Th) versus (230Th/238U) and (231Pa/235U) versus (230Th/238U). For faster
upwelling speeds, lower (230Th/238U) values should be generated. Upwelling speeds over
2.0 cm/yr do not represent the MOR setting of interest well, but provide a robust range to
model over. Per the discussion above, porosity changes mainly affect the (226Ra/230Th)
and (231Pa/235U) values, which should be generated due to the element travel time. The
generated porosity results will also be different in the RPF equilibrium and
disequilibrium models due to the differences in the calculations of the melt transport
discussed in the previous sections.
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Figure 10. Gridded results for RPF equilibrium transport melting calculations where T=1300°C, the
lithospheric cap (PLithos) is 10 kbar, and peridotite and pyroxenite are in thermal equilibrium. Each grid
generates a plot for the (226Ra/230Th) versus (230Th/238U) and (231Pa/235U) versus (230Th/238U). The solid lines
show model results for constant solid mantle upwelling rates (W), and the dashed lines show outcomes for
constant maximum residual porosity values (f). Global MORB data are shown as grey data fields (Bourdon
et al., 1996; Bourdon et al., 2000; Cooper et al., 2003; Elkins et al., 2011; Elkins et al., 2014; Elkins et al.,
2016; Goldstein et al., 1989; Goldstein et al., 1992; Goldstein et al., 1993; Kokfelt et al., 2003; Lundstrom
et al., 1995; Lundstrom et al., 1998a; Lundstrom et al., 1999; Peate et al., 2001; Reagan et al., 2017; Rubin
et al., 2005; Russo et al., 2009; Sims et al., 2002; Standish and Sims, 2010; Tepley et al., 2004; Turner et
al., 2015; Turner et al., 2016; Waters et al., 2011; Waters et al., 2013). a. (226Ra/230Th) and b. (231Pa/235U)
versus ( 230Th/238U) for partial melts of peridotite in thermal equilibrium with Gb-108 pyroxenite; c.
(226Ra/230Th) and d. (231Pa/235U) versus ( 230Th/238U) for partial melts of Gb-108 pyroxenite; e. (226Ra/230Th)
and f. (231Pa/235U) versus ( 230Th/238U) for partial melts of peridotite in equilibrium with MIX-1G
pyroxenite; and g. (226Ra/230Th) and h. (231Pa/235U) versus ( 230Th/238U) for partial melts of MIX-1G
pyroxenite, all after Elkins et al. (2019).
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Figure 11. Gridded results for RPF equilibrium transport melting calculations where T = 1300°C, the
lithospheric cap (PLithos) is 10 kbar, a decay time of 2059.0 years, and peridotite and pyroxenite are in
thermal equilibrium. The solid lines show partial melting outcomes with constant solid mantle upwelling
rates (W), and the dashed lines show outcomes for constant maximum residual porosity values (f). Panels
and fields are as described in Figure 10.
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Figure 12. Gridded results for RPF equilibrium transport melting calculations where T = 1300°C, the
lithospheric cap (PLithos) is 15 kbar, and peridotite and pyroxenite are in thermal equilibrium. The solid lines
show partial melting outcomes with constant solid mantle upwelling rates (W), and the dashed lines show
outcomes for constant maximum residual porosity values (f). Panels and fields are as described in Figure
10.
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Figure 13. Gridded results for RPF equilibrium transport melting calculations where T = 1300°C, the
lithospheric cap (PLithos) is 15 kbar, a decay time of 3088.0 years, and peridotite and pyroxenite are in
thermal equilibrium. The solid lines show partial melting outcomes with constant solid mantle upwelling
rates (W), and the dashed lines show outcomes for constant maximum residual porosity values (f). Panels
and fields are as described in Figure 10.

Figures 14 and 16 show the gridded results from the RPF disequilibrium transport
model calculations after melting stops at 10 kbar (Figure 14) and 15 kbar (Figure 16).
Figures 15 and 17 likewise show the gridded results for the same calculations after decay
through the lithosphere of 10 kbar (Figure 15, 2059 yrs.) and 15 kbar (Figure 17, 3088
yrs.).
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Figure 14. Gridded results for RPF disequilibrium transport melting calculations where T = 1300°C, the
lithospheric cap (PLithos) is 10 kbar, the Damköhler number = 1 x 10-10, and peridotite and pyroxenite are in
thermal equilibrium. The solid lines show partial melting outcomes with constant solid mantle upwelling
rates (W), and the dashed lines show outcomes for constant maximum residual porosity values (f). Panels
and fields are as described in Figure 10.
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Figure 15. Gridded results for RPF disequilibrium transport melting calculations where T = 1300°C, the
lithospheric cap (PLithos) is 10 kbar, the Damköhler number = 1 x 10-10, a decay time of 2059.0 years, and
peridotite and pyroxenite are in thermal equilibrium. The solid lines show partial melting outcomes with
constant solid mantle upwelling rates (W), and the dashed lines show outcomes for constant maximum
residual porosity values (f). Panels and fields are as described in Figure 10.
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Figure 16. Gridded results for RPF disequilibrium transport melting calculations where T = 1300°C, the
lithospheric cap (PLithos) is 15 kbar, the Damköhler number = 1 x 10-10, and peridotite and pyroxenite are in
thermal equilibrium. The solid lines show partial melting outcomes with constant solid mantle upwelling
rates (W), and the dashed lines show outcomes for constant maximum residual porosity values (f). Panels
and fields are as described in Figure 10.
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Figure 17. Gridded results for RPF disequilibrium transport melting calculations where T = 1300°C, the
lithospheric cap (PLithos) is 10 kbar, the Damköhler number = 1 x 10-10, a decay time of 3088.0 years, and
peridotite and pyroxenite are in thermal equilibrium. The solid lines show partial melting outcomes with
constant solid mantle upwelling rates (W), and the dashed lines show outcomes for constant maximum
residual porosity values (f). Panels and fields are as described in Figure 10.

4.1. RPF equilibrium and disequilibrium transport results: (230Th/238U)
From the RPF equilibrium and disequilibrium transport models tested here, I
concluded that the (230Th/238U) ratios are near secular equilibrium for partial melts of
peridotite in thermal equilibrium with Gb-108 and MIX1G (Figures 10-13). Calculated
partial melting of Gb-108 generates (230Th/238U) activity ratios of 1.8 at 15 kbar (Figure
12c) and 1.6 at 10 kbar (Figure 10c). Corresponding partial melts of MIX1G pyroxenite
have (230Th/238U) activity ratios of 1.3 at 15 kbar (Figure 12g) and 1.2 at 10 kbar (Figure
10g). These results demonstrate only minor differences in U-series disequilibria between
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the two lithospheric thicknesses. Calculations for the pure radioactive decay of
(230Th/238U) during lithospheric transport result in no notable differences after melting
has stopped, as expected for the 75,000 yr half-life of 230Th. The MIX1G partial melts
and Gb-108 partial melts modeled here (Figure 10-17) thus have (230Th/238U) activity
ratios greater than 1, regardless of lithospheric thickness, likewise expected for partial
melts generated in the presence of residual garnet.

4.2 RPF equilibrium transport results: (226Ra/230Th) and (231Pa/235U)
Extremely high (226Ra/230Th) ratios were generated by the equilibrium transport
model runs for Gb-108 and MIX1G pyroxenite partial melting (Figures 10, 12). The
model results have corresponding peridotite partial melts with relatively high
(226Ra/230Th) ratios (Figures 10, 12). These high (226Ra/230Th) ratios do not resemble the
observed global MORB compositions.
While the (226Ra/230Th) for Gb-108 and MIX1G partial melts (Figures 11, 13) do
decrease due to radioactive decay during lithospheric transport, the results are still not
within the range of global MORB values for (226Ra/230Th). Partial melts of coexisting
peridotite and the pyroxenite MIX1G, however, do overlap with the higher end of the
global MORB range (Figures 11, 13). High (231Pa/235U) excesses are observed in all
equilibrium transport model results and do not resemble global MORB data (Figures 1013). Elkins et al. (2019) also observed high (231Pa/235U) excesses in a 5 kbar RPF
equilibrium transport model run using identical inputs.
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4.3 RPF disequilibrium transport results: (

226

230

231

235

Ra/ Th) and ( Pa/ U)

The results of disequilibrium transport model calculations at 10 kbar and 15 kbar
for the peridotite in thermal equilibrium with Gb-108 (Figures 14, 16) and MIX1G
(Figures 14, 16) have (226Ra/230Th) activity ratios under 1.6 and overall exhibit negligible
differences between the two lithospheric thicknesses tested. After additional decay
through the lithosphere, these ratios are further reduced to values under 1.2 (Figures 15,
17). Compared to global MORB data, these low results do not explain typical MORB
compositions. Gb-108 partial melts (Figures 14, 16) have lower (226Ra/230Th) ratios than
the outcomes of the equilibrium transport scenario, with much smaller differences
between the 10 kbar and 15 kbar lithospheric caps. After further lithospheric transport
and decay (Figures 15, 17), the (226Ra/230Th) ratios in Gb-108 partial melts are even lower
and explain observed MORB data even less.
Calculated MIX1G partial melts, on the other hand, have (226Ra/230Th) ratios
(Figures 14, 16) that align more closely with the observed MORB compositions, with
only a slight discrepancy of ~0.2 at slower solid mantle upwelling rates (e.g., W = 0.5
cm/yr.). There are also negligible differences between the 10 kbar and 15 kbar outcomes
(Figures 14, 16) prior to decay through the lithosphere. The results after radioactive
decay during lithospheric transport for the same MIX1G model scenarios produce lower
(226Ra/230Th) ratios that even more closely resemble the global MORB field (Figures 15,
17). (226Ra/230Th) ratios in MIX1G partial melts after decay during transport through the
10 kbar layer (Figure 15g) are higher by ~0.4 than at the 15 kbar layer (Figure 17g).
The calculated (231Pa/235U) results for the disequilibrium transport model are
overall more comparable to typical MORB compositions than most of the (226Ra/230Th)

outcomes described above (Figures 14-17). Calculated (

231
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Pa/ U) ratios for partial melts
235

of peridotite in thermal equilibrium with Gb-108 and MIX1G (Figures 14-17) are
essentially the same for melts at 10 kbar and 15 kbar depths. The (231Pa/235U) ratios for
both the Gb-108 and the MIX1G pyroxenite melt products (Figures 15, 17) are notably
lower than the results from the equilibrium transport models, with negligible differences
between results for 10 kbar and 15 kbar depths. Comparisons of the (226Ra/230Th), (230Th/
238

U), and (231Pa/235U) ranges are listed in Table 2 below.

Table 2. Summary of modeling results for equilibrium and disequilibrium before and after lithospheric
decay.
Mantle
Component

Activity Ratio
(226 Ra/230 Th)

MIX-1G
Pyroxenite

(231 Pa/235 U)
(230 Th/238 U)
(226 Ra/230 Th)

Peridotite in
Equilibrium
with MIX1G

(231 Pa/235 U)
(230 Th/238 U)
(226 Ra/230 Th)

Gb-108
Pyroxenite

(231 Pa/235 U)
(230 Th/238 U)
(226 Ra/230 Th)

Peridotite in
Equilibrium
with Gb-108

(231 Pa/235 U)
230

(

238

Th/

U)

Lithospheric
Cap (kBar)

Equilibrium
Transport
Before Decay

Equilibrium
Transport
After Decay

Disequilibrium
Transport
Before Decay

Disequilibrium
Transport After
Decay

10

1.8 - 22.8

1.4 - 10.0

1.0 - 4.5

1.0 - 2.4

15

1.9 - 20.4

1.2 - 6.1

1.0 - 4.7

1.0 - 2.0

10

1.8 - 17.4

1.7 - 16.7

1.0 - 5.1

1.0 - 5.0

15

1.6 - 14.5

1.6 - 13.6

1.0 - 5.3

1.0 - 5.0

10

1.1 - 1.3

1.1 - 1.3

1.0 - 1.2

1.0 - 1.2

15

1.1 - 1.3

1.1 - 1.3

1.0 - 1.2

1.0 - 1.2

10

1.1 - 4.5

1.1 - 2.4

1.0 - 1.4

1.0 - 1.2

15

1.1 - 4.2

1.0 - 1.8

1.0 - 1.4

1.0 - 1.1

10

1.1 - 4.7

1.1 - 4.6

1.0 - 2.0

1.0 - 1.9

15

1.1 - 4.5

1.1 - 4.3

1.0 - 1.9

1.0 - 1.9

10

1.0 - 1.1

1.0 - 1.1

1.0 - 1.03

1.0 - 1.03

15

1.0 - 1.1

1.0 - 1.1

1.0 - 1.03

1.0 - 1.03

10

0.99 - 4.2

0.99 - 2.3

1.0 - 1.9

1.0 - 1.4

15

1.1 - 6.1

1.0 - 2.4

1.0 - 1.9

1.0 - 1.2

10

1.2 - 10.5

1.2 - 10.1

1.0 - 3.2

1.0 - 3.1

15

1.3 - 10.3

1.3 - 9.7

1.0 - 3.1

1.0 - 3.0

10

1.1 - 1.6

1.1 - 1.6

1.0 - 1.4

1.0 - 1.4

15

1.1 - 1.8

1.1 - 1.7

1.0 - 1.4

1.0 - 1.4

10

1.1 - 4.4

1.1 - 2.4

1.0 - 1.4

1.0 -1.2

15

1.1 - 4.0

1.0 - 1.8

1.0 - 1.6

1.0 - 1.2

10

1.1 - 4.7

1.1 - 4.5

1.0 - 2.4

1.0 - 2.4

15

1.1 - 4.3

1.1 - 4.1

1.0 - 2.3

1.0 - 2.2

10

1.0 - 1.1

1.0 - 1.1

1.0 - 1.03

1.0 - 1.03

15

1.0 - 1.1

1.0 - 1.1

1.0 - 1.03

1.0 - 1.03
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5. Discussion
5.1 Lithologic transport effects on U-series disequilibria
5.1.1 Lithospheric Thickness Effects
A number of the model outcomes described above are noteworthy and require
additional exploration. First, the RPF model outcomes are overall not significantly
different between lithospheric depths at 10 kbar and 15 kbar. Secondly, most of the
calculated U-series isotopes for partial melts from a single lithology fail to represent the
global MORB data well, suggesting no single lithology can fully explain global oceanic
basalt generation. These points are explored further below.
Seismic and geochemical evidence indicates a thicker axial lithosphere at
detachment fault-bearing segments due to lower magmatic activity and a corresponding
colder, thicker plate (Escartín et al., 2008; Klein & Langmuir, 1989). Detachment faults
can remain active for tens of kilometers off-axis and are characterized by asymmetrical
accretion with the axial lithospheric thickness up to 8 km thick (Escartín et al., 2008;
Smith et al., 2012). In contrast, the oceanic lithosphere at faster-spreading ridges can
have thicknesses ranging from 0 km at the spreading center to up to 100 km off-axis in
the older oceanic crust (Naliboff et al., 2012). Per the discussion in previous sections, the
greater lithospheric thicknesses might better represent more magma-starved segment with
a long-lived detachment fault that shortens the top of the melting column at slowspreading ridges like the KA Supersegment.
The 10 kbar (30 km) and 15 kbar (46 km) lithospheric caps used in this study
provide a series of tests investigating how consequential the lithospheric thickness may
be at slower-spreading ridge settings and directly contrast recent tests using similar
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calculations for a thinner, 5 kbar lithosphere (Elkins et al., 2019). The peridotite partial
melt RPF equilibrium transport modeling results of Elkins et al. (2019) are identical to
the peridotite partial melts in my RPF equilibrium transport results. My RPF equilibrium
and disequilibrium modeling results indicate a negligible change in most of the calculated
U-series isotopes at 10 kbar and 15 kbar, suggesting the impact of deeper truncation of
the melting regime on magma composition is typically minor. While the lithospheric
thickness did not affect the generated results of this study, the lithospheric thickness may
affect other oceanic settings such as ocean island settings and hotspot settings such as the
Azores (e.g., Escartín et al., 2001; Prytulak & Elliott, 2009). Some outcomes of the RPF
disequilibrium transport models that consider lithospheric decay may align better with
global MORB data. In particular, (226Ra/230Th) ratios in MIX1G partial melts after decay
through 10 kbar lithosphere (Figure 15g) are notably lower than melts after decay
through 15 kbar (Figure 17g).
A few model outcomes did show some sensitivity to the final melting depth,
however. For one, the calculated (226Ra/230Th) ratios in the partial melts of Gb-018 are
higher in the 10 kbar and 15 kbar equilibrium RPF models than they were at 5 kbar
(Elkins et al., 2019), indicating that thicker lithospheric caps may cause a higher
(226Ra/230Th) ratio in partial melts of more silica-rich pyroxenites. Likewise, the RPF
equilibrium transport model results of partial melts of Gb-108 at the 10 kbar and 15 kbar
layers showed higher (226Ra/230Th) (4.2 versus 6.1, respectively) and higher (230Th/238U)
(1.6 versus 1.8, respectively).
After transport and additional radioactive decay, however, (226Ra/230Th) in Gb108 partial melts extracted from 10 kbar and 15 kbar depths were indistinguishable. This
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result indicates a difference in residual minerals and bulk partitioning behavior for U, Th,
and Ra between 5 kbar and 15 kbar, suggesting silica-excess pyroxenite rocks are more
sensitive to the final melting depth than other lithologies.
The prediction of stable plagioclase in silica-rich eclogite under mantle conditions
could be one possible explanation for the depth sensitivity of Gb-108 (Fabbrizio et al.,
2009; Elkins et al., 2019). The presence of stable plagioclase might cause large 226Ra
deficits relative to 230Th in RPF equilibrium transport of Gb-108 partial melts, resulting in
high bulk Ra partition coefficients, where the deficits are atypical of the global MORB
data (Elkins et al., 2019). Plagioclase in Gb-108 partial melts from calculated MELT-PX
(Lambart et al., 2016) and pMELTS (Ghiorso et al., 2002) data show 18.6% plagioclase
in the melt at 10 kbar and 6.3% at 15 kbar. The higher percent of plagioclase at 10 kbar
may cause differences in the RPF equilibrium results of Gb-108. Further research can
evaluate the impact of plagioclase and plagioclase solid/liquid partition coefficients on
226

Ra in pyroxenite partial melts. The decay time during transport through the lithosphere,

however reduces the difference in (226Ra/230Th) for Gb-108 in RPF equilibrium transport,
so it is less consequential in the final basalt, suggesting the ultimate impact of
lithospheric depths is still relatively minor.
(231Pa/235U) and (230Th/238U) ratios exhibit overall negligible differences between
10 kbar and 15 kbar scenarios, both before and after decay through the lithosphere.
(230Th/238U) ratios are dependent on the depth of melting with pyroxenites melting in the
garnet stability zone exhibiting higher (230Th/238U) ratios that do not necessarily change
with varying lithospheric caps. Negligible changes in (231Pa/235U) indicate that it is not
very sensitive to lithospheric thickness, perhaps because Pa is expected to be extremely
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incompatible compared to U in all mantle minerals (including pyroxenitic minerals, to the
limited extent those partition coefficients are known) (Figures 10-17, b, d, f, h). One
explanation for the negligible difference in the (231Pa/235U) and (230Th/238U) ratios is the
long half-life of 231Pa and 230Th. Since the half-lives of 231Pa and 230Th are 32,800 and
75,000 yrs., respectively (Figure 5; Bourdon et al., 2003), the decay times through the
lithosphere of 2059 - 3088 yrs. have minimal effect on the calculated ratios, indicating
these transport decay times may be negligible. The half-life alone may not account for the
slight difference in (231Pa/235U) and (230Th/238U) ratios, however, partition coefficients
may contribute more to differences in (231Pa/235U) ratios. The slight differences in the
(231Pa/235U) and (230Th/238U) ratios might mean no significant mineralogical changes are
affecting the bulk partition coefficients between these lithospheric thicknesses. The
(230Th/238U) ratios for the peridotite partial melts are closer to secular equilibrium in the
RPF equilibrium and disequilibrium transport models, which may be due to the more
limited garnet stability range in ultramafic lithologies (i.e., garnet has a longer persistence
time in the melting of pyroxenites due to its phase stability) (Hirschmann & Stolper,
1996; Lambart et al., 2016 and references therein).

5.1.2 Transport mechanism and mixing effects
Low age-constrained (231Pa/235U) and high (230Th/238U) ratios were measured in
unaltered MORB samples from Jan Mayen Island, Kolbeinsey Ridge, Knipovich Ridge,
and Mohns Ridge (a hotspot and three slow- to ultraslow spreading ridges) (Elkins et al.,
2011, 2014, 2016b). These measured low (231Pa/235U) ratios from global MORB data are
not reproduced by our (231Pa/235U) model results.
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Lundstrom et al. (1998b) suggested that (

231

235

Pa/ U) ratios from the slow-

spreading 33°S MAR had lower (231Pa/235U) in the actively upwelling segment,
suggesting that (231Pa/235U) ratios are sensitive to the upwelling rate. Stracke et al. (2006)
argued that channelized dynamic melting better explained variations in solid mantle
upwelling rate (W) and porosity (f) at MOR settings near Theistareykir, Iceland,
suggesting that lower f and higher W are needed to account for the large excess 226Ra of
melts with low (230Th/238U) ratios. Their modeling results and 231Pa data indicated that
porosity decreases towards the ridge axis (higher W). Using mineral-melt partition
coefficients from Blundy and Wood (2003), Stracke et al. (2006) explore how U-series
bulk partition coefficients affect dynamic model results.
For example, melting in the garnet-stability field has bulk partition coefficients
that follow the order of DU > DTh > DPa > DRa because of U-series incompatibility
(Stracke et al., 2006). Due to the nearly perfect incompatibility of 231Pa, the 231Pa excess
is suspected to rely on changes in DU; these bulk partition coefficients can be changed by
melting different mineralogical sources or pressure-dependent changes in mineral-melt
partition coefficients (Stracke et al., 2006). My model accounted for changes in melting
sources with different mineralogical sources and generated high 231Pa and 226Ra excess
(Appendix A, Table S1). Partial melts of the pyroxenite compositions in my model
outcomes do have high (230Th/238U) as well, due to the presence of stable garnet in the
residual pyroxenite rock (Appendix A, Table S1, and references therein; Elkins et al.,
2011, 2014, 2016b, 2019; Sims et al., 2002). These results fail to reproduce high
(230Th/238U) ratios at the far end of the negative correlation with (226Ra/230Th) and the
observed low (231Pa/235U) in some MORB (e.g., Jan Mayen Island; Elkins et al., 2016).
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Based on my model results, I suggest that other melting scenarios (i.e., mixing of partial
melts) may be more significant in certain ridge settings.
The individual lithologies tested here were unable to fully reproduce global
MORB, particularly those with more enriched isotopic compositions and low ageconstrained (231Pa/235U). Possible that mixtures of peridotite and pyroxenite partial melts
may better explain the full range of global MORB data. Most of the (226Ra/230Th) and
(231Pa/235U) pyroxenite model results for the RPF equilibrium transport were too high to
explain the global MORB dataset. At the same time, most of my RPF disequilibrium
(226Ra/230Th) and (231Pa/235U) pyroxenite and peridotite partial melt model results were
too low to explain the global MORB dataset. Some MIX1G partial melts after extraction
through the 10 kbar layer (Figure 15g), when mixed with the peridotite partial melts
(Figure 15e) from RPF disequilibrium flow, more resemble the overall global MORB
dataset. This observation suggests melting and mixing of melts from peridotite and silicadeficient pyroxenites in thermal equilibrium may explain some of the global MORB
dataset.
Another possible scenario that could generate results closer to the global MORB
data is a combination of Gb-108 and MIX1G pyroxenite partial melts and their partial
peridotite melts in thermal equilibrium. Ultimately, it is highly unlikely that only one
composition of pyroxenite and peridotite is melting in thermal equilibrium. It is more
likely that a combination of pyroxenite and peridotite partial melt compositions is
significantly more likely. Some combinations of the two pyroxenite partial melts can be
explored in future research. Other studies have concluded that a combination of both
pyroxenite and peridotite mantle sources might be needed to produce the observed
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MORB signatures, and my outcomes broadly agree with those interpretations (e.g.,
Elkins et al., 2019; Lambart et al., 2013, 2016).
During lithospheric transport in the RPF equilibrium model, the (226Ra/230Th)
ratios of Gb-108 partial melts mixed with coexisting peridotite partial melts (Figures 11,
13) might better explain more extreme MORB compositions, particularly for higher solid
mantle upwelling rates and greater maximum residual porosities. This result would
indicate that the partial melts would need higher solid mantle upwelling rates in a more
porous melt column, perhaps in a high-porosity melt channel (e.g., Jull et al., 2002). As
mentioned above, upwelling rates higher than 2.0 cm/yr may be extreme for the MOR
settings of interest. In the future, samples from the Kane-Atlantis Supersegment could be
compared to modeling results with some combination of MIX1G and Gb-108 pyroxenite
and peridotite partial melts and lower upwelling ranges.

5.2 Implications of results from melting models
As observed above, my model outcomes revealed notable differences between
traditional dynamic melting and new RPF disequilibrium transport partial melting
calculations, although the two approaches aim to generate similar melt extraction
mechanics.
Melt productivity (i.e., the rate at which a solid lithology melts during solid
upwelling and decompression) is expected to be a significant contributing factor to
melting outcomes, based on thermodynamically constrained MELT-PX predictions
(Lambart et al., 2016) and the likely impact of changes in melt fraction on magma
compositions (Asimow et al., 2001, 2004; Hirschmann & Stolper, 1996). Dynamic
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melting results of Elkins et al. (2019) suggested low (

230

238

Th/ U) ratios modeled in

basalts might be caused by a rapid increase in early melt production in a homogenous,
peridotitic mantle where the melt was later diluted with instantaneous melts containing
low (230Th/238U) ratios. This suggestion may indicate melt productivity variations in
deeper melting (Elkins et al., 2019). Based on prior equilibrium RPF melting
calculations, RPF models with melting at upwelling rates < 1 cm/yr, two porosity flow,
and extraction via channelized flow may also be able to generate higher (230Th/238U);
lower porosity RPF models with shallower melt extraction may generate lower
(230Th/238U) ratios (Elkins et al., 2019; Sims et al., 2002).
Here I determined the outcomes for a RPF disequilibrium transport model at 5
kbar lithospheric thickness, with the same parameters described above, and directly
compared disequilibrium RPF methods to dynamic melting calculations (Elkins et al.,
2019). Below, Figure 18 shows the dynamic melting model results from Elkins et al.
(2019), while Figure 19 shows my RPF disequilibrium transport model results for the
same model input conditions.
For dynamic melting, Elkins et al. (2019) found a consistent, restricted range of
outcomes for peridotites using the dynamic melting model, which was different from
previous dynamic melting runs. For slower mantle upwelling rates, the partial peridotite
melts for dynamic and disequilibrium RPF melting are notably similar, with just slightly
higher (226Ra/230Th) and (231Pa/235U) in the dynamic melting scenario (Figure 18). The
similarity between the modeled U-series isotopes in dynamic melting, and RPF
disequilibrium indicates that new RPF disequilibrium transport has similar outcomes for
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peridotite partial melts when compared to the dynamic melting calculation results of
Elkins et al. (2019).
Prior studies suggest that the peridotite partial melting in a dynamic melting
scenario is sufficient to explain U-series disequilibria observed in the global MORB
dataset (e.g., Stracke et al., 2006). Per the discussion above, the consistent, restricted
range of U-series outcomes for peridotite partial melts from RPF disequilibrium transport
model support the dynamic melting results of Elkins et al. (2019) and suggests varying
melt productivity during earlier melting, differing from Stracke et al. (2006).
Significant differences in calculated U-series disequilibria, specifically for partial
melting of both MIX1G and Gb-108 pyroxenites, can be seen between the dynamic
melting scenario at 5 kbar (Figure 18; Elkins et al., 2019) and the RPF disequilibrium
transport model scenario (Figure 19), however. The dynamic melting results of Gb-108
and MIX1G partial melts (Figure 18) have higher (226Ra/230Th) and (231Pa/235U)
consistently. The (230Th/238U) ratios for Gb-108 partial melts during dynamic melting are
approximately equal in Figure 18c when compared to Figure 19c, while the (230Th/238U)
ratios are lower in Figure 18d when compared with Figure 19d. For MIX1G partial melts,
the (230Th/238U) ratios of the dynamic melting are higher (Figure 18). Discrepancies
between Gb-108 partial melts from dynamic melting (Figure 18) and RPF disequilibrium
transport (Figure 19) may indicate that silica-richness contributes to U-series disequilibria
modeling results per the discussion above.
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Figure 18. Gridded results for time-dependent dynamic melting calculations where T=1300°C, the
lithospheric cap (PLithos) is 5 kbar, and peridotite and pyroxenite are in thermal equilibrium. The solid lines
show model results for constant solid mantle upwelling rates (W), and the dashed lines show outcomes for
constant maximum residual porosity values (f). Global MORB data are shown as blue data fields. a.
(226Ra/230Th) and b. (231Pa/235U) versus ( 230Th/238U) for partial melts of peridotite in thermal equilibrium
with Gb-108 pyroxenite; c. (226Ra/230Th) and d. (231Pa/235U) versus ( 230Th/238U) for partial melts of Gb-108
pyroxenite; e. (226Ra/230Th) and f. (231Pa/235U) versus ( 230Th/238U) for partial melts of peridotite in
equilibrium with MIX1G pyroxenite; and g. (226Ra/230Th) and h. (231Pa/235U) versus ( 230Th/238U) for partial
melts of MIX1G pyroxenite, all after Elkins et al. (2019).
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Reactive porous flow melting:
disequilibrium transport
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Figure 19. Gridded results for RPF disequilibrium transport melting calculations where T = 1300°C, the
lithospheric cap (PLithos) is 5 kbar, the Damköhler number = 1 x 10-10, and peridotite and pyroxenite are in
thermal equilibrium. The solid lines show partial melting outcomes with constant solid mantle upwelling
rates (W), and the dashed lines show outcomes for constant maximum residual porosity values (f). Panels
and fields are as described in Figure 10.

A closer look at the calculations are needed to better understand what may drive
differences in model outcomes between dynamic melting and RPF disequilibrium
transport. One of the significant differences between the two models is the manner of
determining a critical porosity threshold for melt extraction and transport. Dynamic
melting after McKenzie (1985) imposes a fixed critical porosity threshold – that is, the
liquid in equilibrium with the solid is a fixed volume percentage of the source rock
throughout the melting regime, neglecting compaction and two-phase flow effects. This
setup results in outcomes where U-series isotopes are dominantly produced at the bottom
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of the melt column and are then extracted instantaneously at the threshold, and where
only fast transit will preserve shorter-lived isotopes like 226Ra until eruption (Blundy &
Wood, 2003; McKenzie, 1985; Prytulak & Elliott, 2009; Sims et al., 1999, 2002;
Spiegelman & Elliott, 1993; Williams & Gill, 1989; Zou, 1998; Zou & Zindler, 2000).
The partial melts under the critical threshold porosity are also held in local equilibrium,
as in batch melting until the critical porosity threshold is met (Blundy & Wood, 2003;
McKenzie, 1985; Zou, 1998).
Conversely, the RPF disequilibrium transport model is similar to a true
accumulated fractional melting where the melt is extracted instantaneously, and the
reference porosity imposes just the maximum liquid pore space at the top of the column
(Spiegelman & Elliott, 1993). The rest of the melt zone has a more restricted porosity,
whose mass fraction follows a simplified form of Darcy’s Law; this local porosity and the
permeability indirectly determine liquid flow rates in the RPF system, regardless of the
degree of chemical equilibration between the two phases (solid and liquid) (Spiegelman
& Elliott, 1993). The models allow for ingrowth of daughter nuclides through the entire
melting column (Spiegelman & Elliott, 1993).
The differences in extraction rates and critical porosity thresholds on melting
outcomes would also likely affect the shorter-lived isotopes of 226Ra between the two
models, particularly for lithologies that are more silica-rich or have faster solid upwelling
rates. In particular, I observe overall higher (226Ra/230Th) ratios in the dynamic melting
results (Figure 18) for pyroxenites. The higher (226Ra/230Th) ratios are likely due to the
instantaneous transport calculation of 226Ra, allowing it to be preserved from melting at
the bottom of the melt column without calculating further aging, giving the maximum
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disequilibria possible. Conversely, the RPF disequilibrium model outputs, particularly for
Gb-108 partial melts (Figure 19c), have lower (226Ra/230Th) ratios that better explain
some of the global MORB data set than the dynamic melting results of Gb-108 partial
melts (Figure 18c).
Per the discussion above, the dynamic melting model is sensitive to solid mantle
upwelling rates, melt extraction rates, and melt supply variations at the bottom of the melt
column. RPF disequilibrium model results are sensitive to local porosity and permeability
at both the top and bottom of the melt column. The differences of critical porosity (i.e., in
dynamic melting) and local porosity at the top of the melting column (i.e., in RPF
disequilibrium transport) may generate differences in the (226Ra/230Th), particularly for
the pyroxenite partial melts. Considering the above comparison, RPF disequilibrium
model results, compared with the dynamic melting results, may more closely represent
extreme observed MORB data, particularly with some combination of peridotite and
pyroxenite partial melts. I think the RPF disequilibrium model may be a suitable model to
use in future analysis of U-series results from the Kane-Atlantis Supersegment to
compare to the generated modeling results and determine if the model can explain the
measurements. These results could then be compared major and trace elements from the
segments to determine if melt supply and transport affects crustal accretion symmetry.

5.3 Ridge symmetry and supporting geochemical data
The above analysis employs a series of melting model tests and evaluates the
sensitivity of partial melting outcomes to several important factors in the underlying melt
regime. One goal of that analysis was to assess various melting model approaches as
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tools for investigating the origins of seafloor morphology variations at slow-spreading
rates, particularly for pyroxenite melting. In developing future approaches, basalt
compositional characteristics like MgO, Na2O, [Sr], and other major and trace elements
are also affected by partial melting of mantle heterogeneities such as pyroxenite, and
should be considered in conjunction with U-series isotope analysis to provide a more
robust interpretation of melting relationships (Lissenberg & Dick, 2008; Klein &
Langmuir, 1987; Murton & Rona, 2015; Humphris et al., 2015; Gale et al., 2013; Guo et
al., 2021; Asimow et al., 2004; Elkins et al., 2011, 2016a; Lyu, 2019; Niu et al., 2001;
Waters et al., 2011). Gale et al. (2013) looked at variations in major and trace element
data of global mid-ocean ridge systems to provide a more robust statistical analysis for
the global MORB dataset. Lyu (2019) more recently compared major and trace element
data from asymmetrical and symmetrical ridges of the Kane Atlantis Supersegment in
particular to evaluate the possible effects of mantle heterogeneity on melt composition
that may, in turn, correlate with axial ridge symmetry. Except for MgO, Na2O, [Sr], and
Sr/Nd, Lyu (2019) found statistically insignificant differences in major and trace element
compositions along symmetrical and asymmetrical segments for the Kane-Atlantis ridge.
She found that basalt samples from asymmetrical, detachment-faulted ridge segments had
higher mean MgO content, lower mean Na2O content, and significantly lower [Sr] (Lyu,
2019).
The relative incompatibility of Sr and Nd during pure peridotite melting predicts
relatively low Sr/Nd ratios should be observed in peridotitic partial melts (Salters &
Stracke, 2004). Conversely, Sr is more compatible in pyroxenite melts, that should result
in a higher basaltic Sr/Nd ratio (Stracke & Bourdon, 2009). For further comparison, Niu
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et al. (2001) studied the Oceanographer-Hayes Ridge (33°N-35°N), a slow-spreading
ridge north of the Kane Atlantis Supersegment. Niu et al. (2001) found that relative Sr
enrichment in basalts correlates with topographic highs along the OH-3 ridge segment
(e.g., a magma-starved segment), in agreement with the findings of Lyu (2019).
Additional major and trace element analyses indicated that the size and fertility of
passively-emplaced, enriched mantle heterogeneities melting beneath the ridge axis might
influence the initiation and evolution of ridge segments (Niu et al., 2001). Guo et al.
(2021) recently studied the same ridge segment using Sr-Nd-Hf isotopes and concluded
that the inferred mantle heterogeneities comprise a combination of 1) ancient peridotite,
2) ancient metasomatic vein lithologies, and 3) refractory melts from the adjacent Azores
mantle plume. Guo et al. (2001) suggested that those three mantle heterogeneities exert a
dominant control on overlying ridge morphology and oceanic crustal thickness, perhaps
similar to the nearby Kane-Atlantis ridge.
The combination of low MgO, higher Na2O, [Sr], and Sr/Nd ratios may thus
support the presence of pyroxenite and/or enriched peridotite sources melting beneath the
symmetrical ridge segments (Lyu, 2019). These major and trace element systematics, in
combination with higher (230Th/238U) and low (226Ra/230Th) and (231Pa/235U), might
indicate melting in the presence of garnet and partial melting of heterogeneities like
pyroxenites, based on my melting model outcomes and related recent results (Elkins et
al., 2019). Higher pyroxenite concentrations in the melt zone should likewise produce
enhanced magma supply to symmetrical ridge segments. In comparison, lower pyroxenite
percentages in the source would result in comparatively magma starved, asymmetrical
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ridge segments, agreeing with expectations for detachment fault formation and survival
(Lambart et al., 2009; Lyu, 2019; Wilson et al., 2013).

6. Conclusion
As explored in this study, the compositions of partial melts from pyroxenite
heterogeneities in the mantle can be predicted using a combination of dynamic melting
and RPF equilibrium and disequilibrium transport models. Our RPF equilibrium and
disequilibrium melting results support the requirement that a combination of mantle
lithologies must be melting in much of the mantle to produce global MORB, but for Useries disequilibria, that process is relatively insensitive to oceanic lithospheric thickness.
Here I have calculated the U-series disequilibria in partial melts of a passively
decompressing, bilithologic (peridotitic and pyroxenitic) upper mantle, using both
equilibrium and disequilibrium transport RPF models with lithospheric caps of 10 kbar
and 15 kbar. In detail, my results provide the following insights:
(1) Some studies suggest that oceanic lithospheric thickness may cause a noticeable
difference in U-series disequilibria measurements (e.g., Elkins et al., 2019; Grose &
Afonso, 2019). My study found no overall significant difference in U-series activity
ratios between different oceanic lithospheric capping depths at 10 kbar and 15 kbar for
RPF equilibrium and disequilibrium transport. The exceptions are (226Ra/230Th) in the
partial melts of Gb-108 in the RPF equilibrium transport model and (226Ra/230Th) in the
partial melts of MIX1G in the RPF disequilibrium transport model.
(2) High (230Th/238U) ratios were produced in the partial melts of MIX1G and Gb-108
pyroxenites due to melting in the presence of residual garnet throughout much of the
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melting regime. Due to the more limited garnet stability range in ultramafic lithologies,
the coexisting peridotite partial melts had comparatively low (230Th/238U) ratios.
(3) No calculated outcome of this study can fully explain the global MORB data set by
melting a single, isolated lithology. Mixing melts from at least two lithologies, however,
such as the combination of partial melts from MIX1G and Gb-108 pyroxenites and
coexisting peridotites in thermal equilibrium, can better explain some of the global
MORB data. This result is particularly noticeable for disequilibrium melt transport
(fractional melt extraction) scenarios. Future U-series results of samples from the KaneAtlantis Supersegment could be compared to these modeling results to determine if RPF
disequilibrium transport and mixing of partial melts from heterogenous sources align
with the measured samples.
(4) Dynamic melting and RPF disequilibrium transport models produce different results
due to underlying assumptions about melt-solid equilibration (i.e., the presence of an
equilibrated melt below a critical threshold porosity in dynamic melting) and
permeability and compaction-driven differential magma transport rates. RPF
disequilibrium melting model results may resemble global MORB data better than
dynamic melting results of Elkins et al. (2019), particularly when some partial melts of
peridotite and pyroxenite are combined.
(5) Regional MORB geochemistry and modeled U-series isotopes can be used together to
better test for the presence of lithologic heterogeneities in the mantle of the Kane-Atlantis
Supersegment. These tools can be used in the future to evaluate whether melting of more
fusible and productive lithologies, like pyroxenite, may drive ridge axial faulting style at
the KA Supersegment.
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Appendix A
Table S1. Fixed mineral/melt partition coefficients used to calculate bulk rock partition
coefficients in model calculations for this study after Elkins et al. (2019).
Lithology

Garnet
peridotite

Spinel
peridotite

Gb-108
pyroxenite

Phase

DU

DTh

DPaa

DRaa

Garnet

0.038

0.017

0.00001

0.00001

Clinopyroxene

0.003

0.004

0.00001

0.00001

Olivine

0.00005

0.00047

0.00001

0.00001

Orthopyroxene

0.0078

0.0086

0.00001

0.00001

Spinel

0.012

0.0024

0.00001

0.00001

Clinopyroxene

0.008

0.007

0.00001

0.00001

Olivine

0.00005

0.00047

0.00001

0.00001

Orthopyroxene

0.0024

0.0027

0.00001

0.00001

Plagioclase

0.0006

0.0034

0.00001

0.02000

Spinel

0.012

0.0024

0.00001

0.00001

Garnet

0.02405

0.0041

0.00001

0.00001

Clinopyroxene

0.0041

0.0032

0.00001

0.00001

Sources
RD 1097-5 experiment,
Salters et al. (2002)
RD 1097-5 experiment,
Salters et al. (2002)
RD 1097-5 experiment,
Salters et al. (2002)
TM0500-3 experiment,
Salters et al. (2002)
Lunar basalt, Klemme et
al. (2006)
TM 1094-9 experiment,
Salters & Longhi (1999)
RD 1097-5 experiment,
Salters et al. (2002)
RD 1097-2 experiment,
Salters et al. (2002)
DU,DTh calculated after
Blundy & Wood (2003),
DRa from Fabbrizio et al.
(2009)
Lunar basalt, Klemme et
al. (2006)
A343 experiment,
Pertermann et al. (2004)
Pertermann et al. (2004)
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RD 1097-5 experiment,
Salters et al. (2002)
DU,DTh calculated after
Blundy & Wood (2003),
Plagioclase
0.0006
0.0034 0.00001 0.02000
DRa from Fabbrizio et al.
(2009)
Maximum measured,
Spinel
0.046
0.016
0.00001 0.00001
Elkins et al. (2008)
Experimental results,
Garnet
0.013
0.0032 0.00001 0.00001
Elkins et al. (2008)
Experimental results,
Clinopyroxene
0.017
0.015
0.00001 0.00001
Elkins et al. (2008)
RD 1097-5 experiment,
Olivine
0.00005 0.00047 0.00001 0.00001
Salters et al. (2002
MIX1G
Maximum measured,
Spinel
0.046
0.016
0.00001 0.00001
pyroxenite
Elkins et al. (2008)
TM0500-3 experiment,
Orthopyroxene 0.0078
0.0086 0.00001 0.00001
Salters et al. (2002)
DU,DTh calculated after
Blundy & Wood (2003),
Plagioclase
0.0006
0.0034 0.00001 0.02000
DRa from Fabbrizio et al.
(2009)
a
By convention, DPa and DRa are set to 1x10-5 for most minerals, except DRa in plagioclase.
Olivine

0.00005

0.00047

0.00001

0.00001

